A bstmct-A 100-element 10-GHz grid amplifier has been developed. The active devices in the grid are chips with heterojunction bipolar transistor (HBT) differential pairs that include a resistive network to provide self-bias to the base. The planar metal grid structure was empirically designed to provide effective coupling between the HBT's and free space. Two independent measurements, one with focusing lenses, the other without, were used to measure the gain of the grid. In each case, the peak gain of the grid was lOdB at 10GHz with a 3 d B bandwidth of 1 GHz. The input and output matches are better than 1 5 d B at 10GHz. The maximum output power is 450mW, and the minimum noise figure is 7 dB. Tests show that the grid is quite tolerant of failures-the output power dropped by only 1 dB when the 10% of the inputs were detuned. The device amplifles beams with incidence angles up to 30' with less than a 3-dB drop in power.
INTRODUCTION
Quasi-optical grids offer the possibility of large-scale power combining of solid-state devices without the limitations of transmission-line combiners. A 25-element MESFET grid amplifier [l] was demonstrated that amplifies a beam, with cross-polarized input and output ( Figure 1 ). This configuration suppresses spurious oscillations, and allows polarizers to tune the input and output independently. This first grid had metal strips on the back for biasing, and resistors and pins to connect to packaged transistors on the front. Recently a 16-element planar grid with custom differential-pair heterojunction-bipolartransistor (HBT) chips was demonstrated, with a gain of 11 dB at 10GHz [2]. However, the grid was small, little more than a wavelength across, making other measurements difficult. Here we report a much larger 100-element grid amplifier that is nearly three wavelengths across. We have made measurements of gain, input and output match, saturated power, noise figure, reliability, and angled beams.
FABRICATION
The differential-pair chips contain two HBT's along with a simple bias network to provide self-bias to the base as shown in Figure 2a . The values of the resistors, 1.7 kR and 500 R, were picked under the assumption that p = 10, to set V,, = 3V and I, = 10mA. This bias network eliminates the need for an extra base-bias line on the grid that would complicate the metal pattern. In addition, these resistors also help to suppress spurious oscillations. The 1.7-kR collectorto-base resistor provides negative shunt feedback, and the 500-0 emitter resistor reduces the common-mode gain of the HBT pair. This prevents the structure from acting like a grid oscillator sults were obtained from a grid with the unit-cell dimensions shown in Figure 2b . This design was then adopted for a 10 x 10 grid. In the design, 100pm wide meander lines provide bias to the HBT's. Ideally, the bias lines should present a large reactance, so that they do not disturb incident and radiated fields. A 100pm-wide gap is made in the input leads to add a series capacitance to compensate for the large inductive reactance (about 200 Q at 10 GHz).
MEASUREMENTS
A focused microwave beam was used to measure the gain and reflection coefficients of the grid amplifier [4] .
During the measurements, a bias of 5 V and 860mA was applied to the entire grid. For the individual transistors, we estimate that Vce = 2.9V, I, = 3.4mA, and p = 3.7. The positions of the polarizers were carefully adjusted to produce the largest amplifier gain. The results show that the peak gain was lOdB at lOGHz with a 3-dB bandwidth of 1-GHz (Figure 3 ) . The lens system was also used as a reflectometer to measure the input and output reflection coefficients. The results in Figure 4 indicate that the input and output return loss is better than 15dB at 10 GHz.
The gain measurement was repeated using a horn source in the far field of the grid [l] , with similar results to those measured with lenses. In addition, the grid amplifier noise performance was also measured for the first time. Using a Hewlett Packard HP8970 Noise Figure Meter and Watkins Johnson M17C X-band mixer, the noise figure of the whole measurement setup including the two horns and the grid was measured. A noise diode with a high excess noise ratio (ENR) of about 40dB was required. We used a Noise-Com NC3206. The noise figure of the grid amplifier could then be extracted from the measured noise figure, and is plotted in Figure 3 We suspect that the large number of ripples in the input reflection measurements is caused by a problem in calibrating out multiple reflections between lenses and horns.
to 11 GHz. As the bias was lowered from 5 to 4V, the noise figure decreased by about 1 dB, but the amplifier gain dropped by 1dB as well. This noise figure compares to the 4-dB optimum noise figure previously reported for single HBT's [5] . The measurements have an uncertainty of about 1 dB because of the effect of background noise radiated from the room walls. This contribution was measured and subtracted out, but it is comparable to the noise of the grid. It would be preferable to make the measurements with a low-noise sky background, The grid saturation characteristics were also measured with the far-field horn source, so that the input beam had a uniform amplitude and phase across the grid. The 1-dB gain compression point was 105mW, Figure 5 . The grid amplifier radiation patterns for different incident beam angles (a). The output loss as the grid amplifier rotates (b). This shows how the amplitude changes as the angle of incidence varies. and the saturated output power was 450mW. The overall dc power supplied to the grid was 4.3W, with power divided equally between the bias resistors and the transistors. The maximum power-addedefficiency, at an output power level of 330mW, was 5%, with the loss in the bias resistors included.
The effect of failures in the grid was simulated by connecting bond wires across the gaps in the input leads. This severely detunes the inputs. We found that with 10% of the gaps shorted, the output field dropped by lo%, so that the power fell by 1dB. With a quarter of the gaps shorted, the output power dropped by 5 dB. With half of the gaps shorted, the output power dropped all the way down to the zero-bias level.
A grid amplifier is a multi-mode device that should preserve the propagation angles of incident beams.
To test this idea, the beam patterns were measured with input plane waves at normal incidence and 20' off axis. Figure 5a shows the resulting three output beams. The beamwidths and sidelobe levels for all beams are those that we would expect for plane-wave illumination, but the angles shift to match the input beams. The angle error is about lo. To test the amplitude variation, a grid amplifier was rotated between two far-field horns. The roll-off is less than 3 dB for angles less than 30'.
CONCLUSION
We have presented a 100-element grid amplifier with a gain of lOdB at lOGHz, a 10% 3-dB bandwidth, and an input and output match better than 15dB. The maximum output power is 450 mW and the minimum noise figure is 7dB. The results are consistent with the idea that the gain, bandwidth, input and output match, and noise figure should be comparable to single transistor amplifiers, but that the power scales with the size of the grid. The grid degrades gracefully-10% failures produce only a l-dB drop in gain. This means that a grid amplifier could be much more reliable than a single high-power solid-state device or vacuum tube. The grid amplifies beams at incident angles up to 30'. This means that a grid amplifier could amplify a beam for an electronic-beam steerer, easing the loss requirements for the steering system.
